A single dose of typical neuroleptic, haloperidol, has been demonstrated to increase the expression of neurotensin/ neuromedin N (NT/N) mRNA in the dorsolateral striatum within 1 hr of its administration (Merchant et al., 1991) . The present study further investigated neuroleptic-induced regulation of NT/N gene transcription.
Levels of NT/N mRNA were examined at various times following a single dose of haloperidol(1 mg/kg, i.p.) or the atypical antipsychotic clozapine (20, 30, or 40 mg/kg, i.p.) by in situ hybridization histochemistry and quantitative solution hybridization. In the dorsolateral striatum, the two drugs had strikingly different effects; haloperidol rapidly (within 30 min) increased the expression of mature NT/N mRNA while virtually no increase was observed in response to nontoxic doses of clozapine at any of the time points examined. Following haloperidol, maximal induction occurred at 7 hr, at which time NT/N ml?NA levels were an order of magnitude higher than basal levels. By 20 hr after haloperidol, there was a significant decline in striatal NT/N mRNA levels. In situ hybridization analysis using an intron-derived probe revealed that haloperidol-induced increases in mature NT/N mRNA levels in the striatum were preceded by a transient increase in intron-containing NT/N gene transcripts. These data strongly indicate that acute haloperidol treatment results in transient transcriptional activation of NT/N gene, although a concomitant effect on the stability of NT/N primary transcripts cannot be ruled out. In contrast to their differential effects in the dorsolateral striaturn, a single dose of both haloperidol and clozapine induced a small but significant increase in NT/N mRNA expression in the shell sector of the nucleus accumbens.
These results raise the possibility that NT neurons in the nucleus accumbens may, at least in part, mediate the antipsychotic effects of classical neuroleptics, whereas NT cells in the dorsolat-era1 region of the striatum may be involved in mediating other effects of typical neuroleptics such as extrapyramidal motor symptoms.
Neurotensin (NT) is a tridecapeptide originally isolated from bovine hypothalamus (Carraway and Leeman, 1973) and is heterogeneously distributed in the CNS, where it is likely to function as a classical neurotransmitter or neuromodulator (Uhl and Snyder, 1976; Kitabgi et al., 1977; Iversen et al., 1978; Young and Kuhar, 198 1; Uhl, 1982) . A variety ofrecent studies indicate that central NT pathways may play an important role in the etiology and/or pharmacotherapy of schizophrenia and other affective mental disorders. For example, anatomical and biochemical evidence indicates that NT modulates dopaminergic pathways (for reviews, see Quirion, 1983; Emson et al., 1985; Levant et al., 1990) implicated in the etiology of schizophrenia (Seeman, 1987) . Additionally, drug-free schizophrenic patients have significantly lower concentrations of NT in their cerebrospinal fluid as compared to their age-and sex-matched controls, and upon treatment with antipsychotic drugs NT concentration returns to normal in these patients (Widerlov et al., 1982b) . Furthermore, the biochemical (e.g., increase in dopamine tumover) (Widerlov et al., 1982a; Kalivas et al., 1983) as well as behavioral responses (e.g., decreased conditioned avoidance response, decrease in amphetamine-induced locomotion, hypothermia) (Bissette et al., 1976; Ervin et al., 1981) to centrally administered NT are reminiscent of the effects of clinically used neuroleptic drugs. In fact, these observations have led to the suggestion that NT may be an endogenous neuroleptic-like compound (Nemeroff, 1980) . Neuroleptic drugs are a group ofchemically diverse compounds showing an excellent correlation between their dopamine D, receptor-blocking efficacy and potency for antipsychotic effects (Creese et al., 1976; Seeman et al., 1976) . However, NT neither binds to the D, receptors nor directly modulates CAMP accumulation caused by dopamine receptor agonists (Nemeroff et al., 1983) . Hence, the cellular mechanism underlying the neuroleptic-like effects of NT remains unknown.
Several studies have demonstrated that administration of neuroleptic drugs increases the concentration of immunoreactive NT in striatal regions of the rat (Govoni et al., 1980; Frey et al., 1986; Letter et al., 1987; Eggerman and Zahm, 1988) . Recently, we have shown that the increase in striatal peptide content following an acute single dose of haloperidol is accompanied by a dramatic increase in the neurotensin/neuromedin N (NT/N) mRNA levels (Merchant et al., 1991) . Hence, halo-peridol-induced increases in the synthesis and possibly release of the endogenous neuroleptic NT could underlie some of the pharmacological effects of this classical antipsychotic. Haloperidol is a prototype of what have been termed "typical" antipsychotic drugs, which are known to have a high propensity to induce extrapyramidal motor side effects (EPS) in patients. Interestingly, in our initial study (Merchant et al., 199 1) we found that the effects ofa single acute dose of haloperidol were confined primarily to the dorsolateral region of the striatum in the rat. This region is a part of the basal ganglia circuitry implicated in regulation of motor output and is not thought to be a part of the limbic systems involved in mediating antipsychotic effects. Therefore, it raises the possibility that the haloperidol-sensitive NT neurons in the motor striatal region may be involved in mediating some of the acute EPS (e.g., dystonia, parkinsonism) caused by this drug. If true, the "atypical" antipsychotic, clozapine, which is relatively free of acute EPS (Gerlach et al., 1975) would not be expected to influence NT/N gene expression in these neurons.
In the present study, we have compared and characterized the acute effects of haloperidol and clozapine on NT/N mRNA expression using the techniques of in situ hybridization histochemistry and solution hybridization in order to understand the functions of the dorsolateral neostriatal NT cells. Additionally, we have studied the molecular mechanism underlying the increase in levels of NT/N mRNA caused by haloperidol. An increase in the content of a mature mRNA species could result from either increased transcription or posttranscriptional regulation such as an increase in mRNA stability or transport out of the nucleus (Guyette et al., 1979; Hynes et al., 1979; McKnight and Palmiter, 1979) . Using an antisense RNA probe derived from an intervening sequence in the NT/N gene, we have examined the effects of haloperidol on NT/N nuclear primary transcripts as an index of changes in the rate of transcription of the gene. This approach has been used successfully to study pro-opiomelanocortin gene transcription in rat brain (Fremeau et al., 1989 ).
Our results demonstrate that the expression of NT/N mRNA in a subset of neurons located in the dorsolateral region of the neostriatum is differentially regulated by prototypes of typical and atypical neuroleptics (haloperidol and clozapine, respectively). On the other hand, NT/N mRNA expression in the accumbal shell was enhanced similarly by these two drugs. This raises the possibility that anatomically distinct populations of NT neurons may be involved in mediating motor side effects and antipsychotic effects of clinically used neuroleptic drugs. Additionally, the effects of haloperidol on NT/N mRNA appear to be primarily a nuclear event involving synthesis and/or tumover of NT/N primary transcripts. kg; McNeil Pharmaceuticals), clozapine (20, 30, or 40 m&g; Sandoz Pharmaceuticals), or vehicle (1 ml/kg). At various times after treatment, rats were killed by decapitation between 12:00 noon and 3:00 P.M. Brains were rapidly removed, frozen on dry ice, divided sag&ally into two halves, and stored at -80°C until processed for in situ hybridization or quantitative solution hybridization assays.
Synthesis of probes. The probe used for detection of mature NT/N mRNA was synthesized in vitro using the method of Melton et al. (1984) from a 336 base pair EcoRV/Bgl II fragment of NT cDNA (nucleotides 626-96 1) subcloned into BamHVSmaI-digested DGEM~ (Promeaa). The specificity of this subclone (prNT4) has been-established p&ously (Alexander et al., 1989; Merchant et al., 199 1) . EcoRI-linearized prNT4 was used as a template for the antisense RNA probe labeled with either YS-UTP (0.9-l x lo8 dpm/pmol) for in situ hybridization or with 32P-UTP (4-6 x 10' dpm/pmol) for solution hybridization. A sense RNA transcript was synthesized from the Hind III-linearized prNT4 with trace amounts of 3J-I-UTP for generating a standard curve in the solution hybridization assay as described below.
-To generate an-intron-specific subclone (pNTgHX), a unique-sequence 1 .O kilobase HindIII/XmnI fragment derived from intron 2 of the rat NT/N gene was inserted into HindIII/SmaI-digested pGEM3 ZF( -) (Promega). Antisense intron probe for in situ hybridization was transcribed from HindIII-linearized plasmid using T7 RNA polymerase and labeled to a specific activity of 3-5 x lo* dpm/pmol with Yj-UTP. A sense probe was also synthesized to the same specific activity from EcoRI-linearized olasmid usina SP6 RNA oolvmerase. Radiolabeled nucleotides and enzymes were obtained from-New England Nuclear and Boehringer Mannheim, respectively.
In situ hybridization histochemistry. A minor modification of previously described methods (Alexander et al., 1989; Merchant et al., 199 1) was used. Briefly, sagittally halved brains were cut into 20-pm-thick slices, thaw mounted onto gelatin-coated slides, and stored at -80°C until orocessed as follows. The slides were warmed to room temnerature (RT)for 10 min, fixed in 4% w/v paraformaldehyde, acetylated with 0.25% v/v acetic anhydride in 0.1 M triethanolamine (pH 8.0) dehydrated through a graded series of ethanol, delipidated in chloroform, rehydrated to 95% v/v ethanol, and air dried. Adjacent sections were used to hybridize with either the coding region-or the intron-specific probes described above. The labeled probe was applied at a saturating concentration (1.5-2 pmol/ml) in a hybridization solution [ 10 mM TrisHCl buffer, pH 8.0, containing 50% v/v deionized formamide, 0.3 M NaCl, 1 mM EDTA, 10% w/v dextran sulfate, 1 x Denhardt's solution (Sambrook et al., 1989) , 10 mM dithiothreitol, and 0.5 mg/ml yeast tRNA]. Sections were covered with siliconized coverslips, and the slides were incubated for 16-18 hr in a humid chamber at 20°C below the calculated melting temperature (53°C for the coding region-specific probe and 50°C for the intron-specific probe). The coverslips were removed in 1 x SSC (0.15 M NaCl + 0.015 M sodium citrate, pH 7.0), and the slides were washed in 1 x SSC for 30 min at RT. This low-strinaencv wash was followed by RNase treatment 120 &ml RNase A in a buffer containing 10 mM T&-HCl (pH 7.4), 0.5 M EDTA and 0.5 M NaCl] at 37°C for 3w5 min. The slides were then rinsed in the buffer used for RNase treatment at 37°C for 30 min followed by three high-stringency washes (20 min each) in 0.1 x SSC at 15°C below the theoretical melting temperature (52°C for the coding sequence-specific probe and 50°C for the intron-specific probe). The slides were subsequently dehydrated through a graded alcohol series in which water was substituted by 0.6 M ammonium acetate and air dried.
Materials and Methods
Animals and drug treatment. Adult male Sprague+Dawley rats (200-250 gm; Simonsen Laboratories, Gilroy, CA) were housed two to three per cage in a temperature-controlled environment with 12 hr light/l2 hr dark cycle and were given free access to standard laboratory chow and water. In a pilot study, the effects of stress caused by handling and/ or an intraperitoneal injection were assessed by comparing the expression of NT/N mRNA in four separate groups of animals (n = 4): injection naive but handled 30 min prior to death or treated with saline (1 ml/kg, i.p.) at 30 min, 1 hr, or 3 hr prior to death. None of these groups differed in the distribution of NT/N mRNA-containing cells. To study the effects of neuroleptics on NT/N mRNA expression, animals were treated with a single intraperitoneal injection of haloperidol(1 mg/ To determine the specificity of the intron-specific probe, some sections were treated as described above except labeled sense probe of the same specific activity was substituted for labeled antisense probe.
Autorudiogruphy. For film autoradiography following hybridization with the coding region probe, slides were apposed to Hyperfilm-@max (Amersham) for 2-3 d and films were developed in Kodak D-19 solution. Slides were then dipped in Kodak NTB2 nuclear tract emulsion diluted 1: 1 with 0.6 M ammonium acetate, air dried in the dark for 2 hr, and exposed for either 6 d (for the coding region probe) or 15 d (for the intron-specific probe). The emulsion was developed in D-19 diluted 1: 1 with water. Sections were counterstained in 0.1% w/v cresyl violet acetate, dehydrated, and coverslipped with Permount. Brain sections from different groups were anatomically matched according to the atlas of Paxinos and Watson (1986) using bright-field microscopy prior to examination of the distribution of autoradiographic grains in dark field. Quantification of hybridization signal from film autoradiograms was carried out by a person blind to the experimental design. Autoradio- grams were digitized with a Drexel's Unix-based Microcomputer Image Analysis System. Background optical density was subtracted from each image. Optical densities in the shell region of the nucleus accumbens (see Fig. 5 ) were determined at a single level (bregma 2.2 mm) from four different sections per animal. For the dorsolateral striatum, the optical densities were determined using four sections from each animal at the coronal plane 1 mm anterior from the bregma.
Solution hybridization. This technique has recently been adapted in our laboratory from the methods of Paul et al. (1988) and is found to detect small amounts (0.5 pg/tube) of NT/N mRNA satisfactorily in tissue extracts. Brains were cut into 300-pm-thick slices. The dorsolatera1 striatum and the nucleus accumbens (encompassing both core and shell) were microdissected on a cold plate maintained at -10°C using the atlas of Palkovits and Brownstein (1988) . The dorsolateral neostriatum was excised using a knife from atlas levels: A3000 pm to A300 pm. Striata from two to three animals were pooled for each assay. The nucleus accumbens was dissected using a 200 pm punch, and due to small amounts of the tissue, punches from all animals were pooled. Tissues were homogenized and total RNA was extracted as described previously (Chomczynski and Sacchi, 1987 ). Sense (with "H tracer) and antisense (with 3ZP label) RNA transcripts from the prNT4 subclone were synthesized and purified as described above. A standard curve was generated by hybridizing increasing amounts (0.5-200 pg) of the sense transcript with a fixed amount (50.pg; 20,000-30,000 dpm) of the antisense urobe in hvbridization buffer (0.3 M NaCl. 4 mM EDTA. 40°!6 forma&de, 0.2 mg/ml yeast tRNA, and 20 mM Tris-HCl, pH 7.4). Two different concentrations of the total RNA extracted from the tissues were hybridized with the same amount of antisense RNA probe at 60°C for 16-18 hr. Following hybridization, samples were mixed with 1 ml of RNase buffer containing 25 pg/ml RNase A and 500 U/ml RNase T 1 and digested for 90 min at 37°C. Nuclease digestion was terminated by addition of 100 pl of 100% chilled trichloroacetic acid. Samples were incubated on ice for 20 min, filtered through prewetted nitrocellulose filters, dried, and counted in scintillation fluid. The amount of NT/N mRNA per mg of total RNA for each sample was calculated using the standard curve.
Statistics. Alterations in NT/N mRNA concentrations in the dorsolateral striatum and the nucleus accumbens were quantified by solution hybridization or densitometric analysis of the film autoradiograms as described above. Data are presented as mean f SEM. Differences between means were analyzed using ANOVA. Following a significant difference in the variance, Scheffe's test was applied to identify groups differing significantly from control values. Differences were considered significant if the probability that they were zero was less than 5%.
Results
Characterization of acute effects of haloperidol on mature NT/N mRNA. Expression of NT/N mRNA was examined at various times following the administration of a single dose of haloperidol(1 mg/kg, i.p.) using a coding region antisense RNA probe for in situ hybridization.
As can be seen in Figure 1 , haloperidol increased NT/N mRNA expression predominantly in the dorsolateral region of the neostriatum within 30 min (the earliest time point examined).
Maximal expression of NT/N mRNA was observed between 3 and 7 hr after drug administration, followed by a significant decline at 20 hr, and the expression returned to control levels by 48 hr following haloperidol treatment. Although the largest increases were observed in the dorsolateral striatum, small increases in NT/N mRNA-expressing cells were detected in the nucleus accumbens, particularly in the shell sector of the nucleus accumbens (Figs. 2,3 ) at 3 and 7 hr after treatment. These increases were apparent even though the basal expression of NT/N mRNA in the nucleus accumbens in control rats was much higher than that in the caudate-putamen. The increased expression of NT/N gene in the dorsolateral striatum or the nucleus accumbens was not an effect of injection-related stress as determined in a pilot study (see animals and drug treatment under Materials and Methods). Significant hybridization to NT/N mRNA in control rats was also Figure 2 . Distribution of NT/N mRNA-containing cells at the peak of the haloperidol effect. Film autoradiograms from the study described in Figure 1 are shown at three different rostral-caudal levels of the striatum. A (bregma 2.2 mm), B (bregma 0.7 mm), and C (bregma -0.8 mm) are representative sections from saline-treated animals, whereas D, E, and F are anatomically matched typical sections from animals killed at 7 hr following haloperidol. Arrows indicate hybridization signal in dorsolateral striatum (DLS), nucleus accumhens (M), olfactory tubercle (OT), and preoptic region (PO). S, Septal nuclei; GP, globus pallidus.
observed in several other areas such as the septal nuclei, olfactory tubercle, piriform cortex, and the preoptic region of the hypothalamus. However, haloperidol did not appear to alter NT/N mRNA levels in these regions (Fig. 2) .
To quantitate the haloperidol-induced increases in NT/N mRNA levels in the dorsolateral striatum, this region was microdissected from the contralateral brain of animals used for the in situ hybridization study described above and the content of NT/N mRNA was determined by quantitative solution hybridization. In concordance with the in situ assay, NT/N mRNA levels were increased time dependently by haloperidol (Fig. 4) . The maximal increases were observed at 7 hr following drug administration, at which time NT/N mRNA content in the dorsolateral striatum was approximately an order of magnitude higher than the control levels. Haloperidol effects on NT/N mRNA expression in the shell of nucleus accumbens were quantified by densitometric analysis of the film autoradiograms. Hybridization to NT/N mRNA in the nucleus accumbens shell significantly increased at 3 and 7 hr following haloperidol (Fig.  54) and subsequently declined to control levels by 20 hr after drug treatment. The haloperidol effect in the nucleus accumbens was also evident in a 45% increase in NT/N mRNA content determined by solution hybridization using a pool of punches encompassing both the shell and the core of the nucleus accumbens dissected from the contralateral hemisected brains of same animals (Fig. 5B) .
Efects of clozapine on mature NT/N mRNA expression. Unlike haloperidol, a single dose of clozapine (20 mg/kg, i.p.) did not appear to affect the number of NT/N mRNA-expressing cells significantly in the dorsolateral striatum at 1 hr, 3 hr, or 7 hr following treatment (Fig. 6) . Examination of emulsion-coated slides under dark field revealed a few hybridization-positive cells in the caudate-putamen at 1 and 3 hr after treatment. However, these cells were not tightly localized in the dorsolateral region as seen with haloperidol but were scattered unevenly in the dorsal striatum. Thus, following a single administration of 20 mg/kg of clozapine, the amount of NT/N mRNA in three separate pools of total RNA from dorsolateral caudate did not increase over control level at any of the time points examined (Fig. 4) . A subsequent dose-response study revealed that even at 30 mg/kg (ip.), clozapine remained ineffective in inducing NT/N mRNA expression in the dorsolateral striatum (Fig. 7) . However, at 40 mg/kg, an apparently toxic dose at which one out of five animals in the group died, a significant increase in hybridization signal in the dorsolateral striatum was observed. In contrast to the caudate-putamen, 3 hr following 20 mg/kg of clozapine, a significantly higher expression of NT/N mRNA was observed in the nucleus accumbens (Figs. 3, 6 ). As with haloperidol, this effect was predominantly observed in the shell sector. Quantitative analysis of film autoradiograms indicated a significant increase in the optical density in the accumbal shell following clozapine (Fig. 54) . Solution hybridization using total RNA pooled from the entire nucleus accumbens reflected this clozapine-induced increase in NT/N mRNA content (Fig. W) , which was comparable in magnitude to that observed with haloperidol.
Haloperidol increases nuclear levels of intron-containing NT/Nprimary transcripts. An antisense RNA transcribed from a nonrepetitive, intronic sequence of NT genomic DNA (pNTgHX; Fig. 8 ) was used to study the distribution of cells containing NT/N primary transcripts following treatment with saline or haloperidol. The specificity of this probe for nuclear primary transcripts was tested by comparing the cellular distribution of autoradiographic grains generated by this probe with those produced by hybridization to the coding region probe. The grains following hybridization with the intron-specific probe showed compact localization predominantly over the nuclei of neurons, whereas those generated by the coding region probe were scattered around the cytoplasmic portion of the hybridization-positive cells (Fig. 9) . Additionally, no specific hybridization was observed when a sense RNA probe synthesized to the same specific activity was employed (Fig. 9C) . In situ hybridization with the antisense intron sequence probe to brain sections adjacent to those used to study the distribution of mature NT/N mRNA did not show any specific hybridization in the dorsolateral striatum of saline-treated rats (Fig. 1 OA) . At 30 min following haloperidol, an increase in the number of cells expressing intron-containing NT/N transcripts was evident in the dorsolateral caudate (Fig. 10B) . A further increase in hybridization to the nuclear transcripts was observed by 1 hr after haloperidol (Fig. lOc) , but by 3 hr, hybridization-positive cells were no longer apparent in this region (Fig. 1OD) . No hybridization was observed at subsequent time points (7, 20, 48 hr) in the dorsolateral caudate-putamen (data not shown). Following haloperidol, cells at their peak expression of intron-containing NT/N transcripts (detected by the intron probe) ap- Figure 4 . Quantification of the effects of antipsychotic drug treatment on dorsolateral striatal NT/N mRNA expression. Dorsolateral striatum was microdissected from the contralateral brains of the animals used for in situ hybridization analysis. Levels of NT/N mRNA were determined by solution hybridization using a 32P-labeled, antisense coding region probe (prNT4). Each bar represents mean NT mRNA content f SEM in two (haloperidol) or three (clozapine) separate pools of total RNA. * P < control (C).
0.05, **, P < 0.001 when compared to the saline-treated peared to have the same anatomical localization as that observed with cells expressing mature NT/N mRNA (detected using the coding region probe) (Fig. 11) .
Discussion
The present study clearly demonstrates that the typical and atypical antipsychotics, haloperidol and clozapine, respectively, differentially affect discrete NT neuronal populations in the neostriatum of the rat. The level of mature NT/N mRNA in the dorsoiateral region of the striatum was significantly and time dependently increased by a single dose of haloperidol but not by nontoxic doses of clozapine (Figs, 1, 4, 6, 7) . To our knowledge, this is the first report indicating that acute treatment with typical and atypical antipsychotics differentially affects NT/N mRNA expression in a distinct population of striatal neurons. The results presented here also demonstrate for the first time that the predominant molecular site of action of haloperidol on striatal NT systems appears to be the nucleus of cells expressing this peptide since the increase in mature mRNA caused by haloperidol was preceded by an increase in nuclear levels of intron-containing NT/N primary transcripts. An extremely rapid increase (within 30 min) in the expression of mature NT/N mRNA in the dorsolateral striatum was evident following a single dose of haloperidol (Fig. 1) . Additionally, the magnitude of this induction was quite dramatic as evident by the observation that at the peak occurring between 3 and 7 hr after treatment, NT/N mRNA levels were an order of magnitude higher than those observed in control rats (Figs. 1,4) . Figure 5 . Quantification of the effects of antipsychotic drugs on NT/N mRNA expression in the nucleus accumbens. Animals were treated as described in Figures 1 and 3 . A, In situ hybridization was carried out using the 35S-labeled coding region probe (prNT4) as described in Figure  1 . Film autoradiograms were generated, and background-subtracted optical densities in the shell sector of the nucleus accumbens were determined using a computer-assisted image analysis system. The inset schematically shows the region of the nucleus accumbens sampled from each brain section. Each bar represents mean optical density + SEM (n = 6 for each group). *, P < 0.05, ** P < 0.00 1 when compared to the salinetreated control (C). B, Antipsichotic induction of NT/N mRNA was also studied by solution hybridization as described in Figure 4 . Nucleus accumbens punches from the contralateral brains of animals used for the in situ hybridization analysis were used. Each bar represents the NT/N mRNA level in a single pool of total RNA.
involvement of other intervening systems in haloperidol action on NT/N mRNA expression is also possible. The function(s) of the dorsolateral striatal NT neurons that are influenced by haloperidol remains unknown. However, because of its extrapyramidal connections, the dorsolateral striaturn may be involved in regulation of basal ganglia motor output. Acute induction of NT/N mRNA expression in this region by haloperidol suggests that these NT neurons may be involved in motor effects (e.g., catalepsy) of this drug in rats. This contention is supported by the observation that nontoxic doses of the atypical antipsychotic clozapine, which do not cause catalepsy, did not significantly affect NT/N mRNA levels in the dorsolateral striatum (Figs. 4, 6, 7) . Cataleptic effects of neuroleptic drugs have generally been attributed to blockade of dopamine receptors in the nigroneostriatal pathway (Carlsson, 1967) . Several studies have also indicated a positive correlation between the potency of antipsychotic drugs to induce catalepsy in rats and acute production of EPS in humans. Hence, it is tempting to speculate that the response of discrete NT neurons in the caudate-putamen to antipsychotics may be used as a screening assay to predict their liability to induce acute EPS (such as dystonia, parkinsonism) in humans. In this regard, it is important to note that cholecystokinin and enkephalin peptides that also closely interact with central dopamine systems are not differentially affected by typical and atypical antipsychotics (Frey, 1983; Angulo et al., 1990) . However, further studies with a variety of typical and atypical antipsychotic drugs are required in order to understand the potential role of various NT neuronal populations in mediating specific pharmacological effects of these drugs.
In contrast to the caudate nucleus, NT/N mRNA expression in the nucleus accumbens shell was increased following treatment with both haloperidol and clozapine, although the magnitude of this increase was much smaller than that observed in the dorsolateral caudate (Figs. 3, 5) . Additionally, haloperidolinduced increases in the nucleus accumbens occurred after a longer lag time than in the caudate-putamen (Figs. 4, 5) . These data are consistent with the observation that increases in immunoreactive NT content of the nucleus accumbens caused by haloperidol occur later and are of smaller magnitude than those occurring in the caudate-putamen (Frey et al., 1986; Letter et al., 1987; Merchant et al., 1988a) . The longer lag time also explains why we previously failed to observe a significant increase in NT/N mRNA content in the nucleus accumbens 1 hr after haloperidol treatment (Merchant et al., 199 1) . In contrast to the present study, Williams et al. (1990) observed larger increases in NT/N mRNA expression in the nucleus accumbens and the ventral striatum following two doses of haloperidol(2 mg/kg, i.p.) 17 and 10 hr prior to death. Additionally, this dosing regimen did not appear to increase NT/N mRNA expression in the dorsolateral striatum. Thus, distinct populations of NT neurons appear to be differentially regulated in response to single or multiple doses of haloperidol and/or the recovery time allowed following drug treatment. Supporting this, we have observed that at 18 hr following three doses of haloperidol (6 hr intervals) there is a selective increase in the number of NT/N mRNA-expressing cells in the nucleus accumbens and ventral caudate-putamen but not in the dorsal striatum (K. M. Merchant, D. M. Dorsa, unpublished observations). It is likely that maximal induction in NT/N mRNA in the ventral striatum (including the nucleus accumbens) requires multiple stimuli and/ or a longer lag time.
Both haloperidol and clozapine caused similar increases in NT/N mRNA expression in the nucleus accumbens, predominantly in the shell sector. Recent anatomical and biochemical data indicate that whereas the core of the nucleus accumbens may be associated with the nigrostriatal dopamine system, the shell may be related to the mesolimbic system (Zahm, 1989; Deutch and Cameron, 199 1; Heimer et al., 199 1) . Thus, increased expression of NT/N gene in the limbic structure by the two prototypes of typical and atypical antipsychotic drugs raises the possibility that the shell NT neurons may represent a pathway involved in some of the common pharmacological effects of these two classes of drugs. Whether it involves manifestation of antipsychotic effects in humans remains to be determined.
The selective increase in NT/N mRNA content in the limbic striatum induced by clozapine is consistent with its preferential effects on mesolimbic rather than mesostriatal dopamine systems (Chiodo and Bunney, 1983; White and Wang, 1983) . Additionally, following chronic treatment with clozapine, an increase in immunoreactive NT content is observed in the nucleus accumbens but not in the dorsolateral striatum (Kilts et al., group, where n = 4). *, P < 0.02 when compared to all other groups.
1988
). The precise cellular mechanism underlying clozapine's selectivity for the mesolimbic systems is not clear. It is possible that clozapine's ability to block receptors other than dopamine D, (e.g., muscarinic, LYE noradrenergic, 5-HT,) renders it more selective for the limbic pathways compared to the mesostriatal pathways. The responses of striatal NT neurons to concurrent administration of haloperidol and the antimuscarinic drug trihexyphenidyl, for example, would therefore be interesting especially in view ofthe clinical observation that coadministration of this anticholinergic drug with typical neuroleptics reduces the incidence of EPS (Fann and Lake, 1976; McEvoy, 1983) . Recent identification and cloning of a novel dopamine receptor, termed Dq, which appears to be more sensitive to clozapine than D, receptors (Van To1 et al., 199 l) , also raises the possibility that the selectivity of clozapine may be attributed to its preferential The projection fields of the distinct populations of striatal NT neurons remain conjectural. It is likely that the dorsolateral striatal NT neurons project to the globus pallidus and/or substantia n&a, the two major structures that receive striatal motor output. Gerfen et al. (1990) have recently demonstrated that D, receptors appear to be functionally associated with striatal neurons that project to the globus pallidus whereas D, receptors are primarily associated with striatal-nigral pathways. In view of this, it is likely that the haloperidol-sensitive NT neurons in the dorsolateral striatum project to the globus pallidus. Supporting this, an increase in NT-immunoreactive fibers and terminals is observed in the globus pallidus following treatment with haloperidol (Eggerman and Zahm, 1988) . Studies are underway to map the projection fields of striatal NT neurons. Such studies should advance further our understanding of the functions of these distinct NT neuronal populations.
In order to understand the molecular mechanism underlying haloperidol induction of NT/N mRNA, the effects of this drug on NT/N primary transcripts were examined. The use of an intron-specific probe for in situ hybridization analysis revealed that the levels of intron-containing NT/N gene transcripts were rapidly, but transiently, elevated in the dorsolateral striatum after a single dose of haloperidol (Fig. 10) . The transient accumulation of intron-containing transcripts indicates that haloperidol treatment results in the activation of NT/N gene transcription, although possible effects on stability of NT/N precursor RNA cannot be ruled out at present. The anatomical distribution of cells labeled by the intron and exon probes was identical (Fig. 11) . Additionally, maximal induction of the introncontaining transcripts (observed at 1 hr; Fig. 10 ) preceded the maximal induction in the mature mRNA (observed at 7 hr; Figs. 1,4) . These data suggest that the rapid, transient activation of NT/N gene transcription was responsible for the subsequent Figure 9 . Specificity of the intron-derived probe (pNTgHX) for NT/N transcripts. High-magnification, bright-field photomicrographs of autoradiograms through the dorsolateral striatum of haloperidol-treated animals are shown following in situ hybridization with either YS-labeled, antisense coding-region (prNT4) probe (A) or )%-labeled, antisense intron-specific (PNTgI-IX) probe (B). Dark grains over stained neurons indicate hybridization-positive cells (arrows) . Figure 8C is a low-magnification, dark-field photomicrograph through the same region of the striatum following in situ hybridization with labeled sense probe transcribed from pNTgHX. Autoradiograms were generated by coating the brain sections with Kodak NTB2 emulsion and developing after a 6 d (coding region probe) or 15 d (intron-derived probes) exposure. accumulation of mature NT/N mRNA in the dorsolateral striaturn. The specificity of the intron-specific probe for NT primary transcripts was also evident from the distinct nuclear localization of hybridization signal and the failure of a sense RNA probe to show any hybridization (Fig. 9) . The rapid decline in levels of intron 2-containing transcripts at 3 hr suggests that the intron sequences are rapidly degraded after splicing. It was interesting that the dorsolateral striatal neurons showed minimal expression of NT/N mRNA in the basal state (Fig. 2 ). It appears, therefore, that NT/N gene expression in certain populations of central neurons may depend entirely on appropriate environmental stimuli.
The transcriptional effects of haloperidol could be mediated through the CAMP pathway and the induction of immediate early genes such as c-fos as proposed in Figure 12 . Blockage of D, receptors has been shown to increase intracellular levels of CAMP and also cause transient activation of c-fos expression (Miller, 1990) . Transient transfection analysis in PC12 cells, which neuronally differentiate in response to NGF, has revealed that AP-1 and CAMP-response element (CRE) sequences are required for the integration of transcriptional responses of the NT/N gene to multiple environmental stimuli (Kislauskis and Dobner, 1990) . A family of genes, typified by the c-fos and c-jun proto-oncogenes, encode transcriptional factors that bind the AP-1 site with high affinity in vitro (Bartel et al., 1989) . A distinct but related family of proteins bind the CRE with high affinity (Habener, 1990) . A CRE-binding protein identified in PC12 cells, CREB, binds constitutively to the CRE sequences, but its ability to activate transcription is strikingly increased following phosphorylation by CAMP-dependent protein kinase (Gonzalez and Montminy, 1989) . Haloperidol treatment could result in the activation of NT/N gene transcription through increased phosphorylation of a CRE-binding protein and the transient activation of AP-l-binding factors such as c-fos. The specific implication of D, receptors in directly mediating the transcriptional effects of haloperidol on NT/N gene expression requires further study. However, removal of tonic D, receptor activity has been implicated in the haloperidol-induced increase in striatal NT content (Merchant et al., 1989) . A potential role of CAMP in regulation of NT/N gene transcription is also supported by the observation that activation of D, receptors (positively linked to adenylate cyclase) increases NT content while D, receptor activation (negatively linked to adenylate cyclase) decreases NT content in the striatum (Merchant et al., 1988b) . Thus, it appears likely that haloperidol influences NT/N gene transcription, in part, by altering intracellular CAMP levels, possibly via blockade of D, receptors.
Based on the data presented here, an increase in NT biosynthesis in the caudate-putamen appears to occur following treatment with haloperidol. However, Bean et al. (1989) have reported that reserpine-induced increases in NT content in the neostriatum may be due to blockade of NT release rather than an increase in its biosynthesis. Since the effect of reset-pine on NT content appears to be due to removal of D, receptor tone (Merchant et al., 1989) , the data presented here appear to be inconsistent with the observations of Bean et al. (1989) . However, it is likely that NT terminals originating outside the striaturn may be regulated differently by reserpine as compared to the cell bodies present within the striatum. Reset-pine may, for example, decrease the release from terminals of extrinsic neurons and yet increase the synthesis of the peptide in discrete intrinsic neurons in the striatum, the net effect of which will be an increase in the peptide content. On the other hand, subpopulations of NT neurons originating in the striatum may be regulated distinctly by dopaminergic blockers. The technique of in situ hybridization histochemistry used in the present study offers the advantage of excellent anatomical resolution to identify discrete NT systems that may be differentially regulated.
In summary, our results indicate that both haloperidol and clozapine increase the expression of NT/N mRNA and hence possibly the biosynthesis of this peptide in the neostriatum. However, there are significant anatomical differences in the neurons targeted by these two drugs, suggesting that a functional diversity may exist among subpopulations of striatal NT neurons. Future studies with a variety of antipsychotic drugs can be used to determine whether specific NT neuronal populations in the striatum represent distinct substrates of typical and atypical antipsychotics, thereby resulting in the unique pharmacological and behavioral profiles of these two classes of drugs. Figure II . Comparison of anatomical localization of hybridization signal generated by coding region and intron-derived probes. Low-magnification, dark-field photomicrographs represent autoradiograms through the dorsolateral striatum generated in the studies described in Figures 1 and 9 . A and B represent typical autoradiograms from haloperidol-treated animals at 1 and 7 hr, respectively, following hybridization with the intron-specific probe (A) or coding region probe (II). cc, Corpus collosum. 
